Damage to leaves of several plant species by herbivores or by other mechanical wounding induces defense gene activation throughout the plants within hours. An 18-amino acid polypeptide, called systemin, has been isolated from tomato leaves that is a powerful inducer of over 15 defensive genes when supplied to the tomato plants at levels of fmol/plant. Systemin is readily transported from wound sites and is considered to be the primary systemic signal. The polypeptide is processed from a 200-amino acid precursor called prosystemin, analogous to polypeptide hormones in animals. However, the plant prohormone does not possess typical dibasic cleavage sites, nor does it contain a signal sequence or any typical membrane-spanning regions. The signal transduction pathway that mediates systemin signaling involves linolenic acid release from membranes and subsequent conversion to jasmonic acid, a potent activator of defense gene transcription. The pathway exhibits analogies to arachidonic acid/prostaglandin signaling in animals that leads to inflammatory and acute phase responses.
INTRODUCTION
Prior to 1991, polypeptide signals had not been reported as regulators of plant genes or as any other physiological or biochemical process in plants. Plants had been thought to have evolved signals that were unique and unrelated to the signaling molecules of higher animals. Over the past 60 years, five classical plant hormones have been identified and characterized: auxins, gibberellins, ethylene, abscisic acid, and cytokinins (Kende & Zeevart 1997) . These small organic compounds regulate growth and developmental processes of plants and are still the center of much of the research in these areas of plant biology. The differences in structures of plant hormones from those of animal hormones had led to the assumption that plants probably evolved an array of regulatory molecules that were totally different from those of animals.
SYSTEMIN

Isolation
The purification of a polypeptide wound signal that regulates proteinase inhibitor synthesis in tomato leaves (Pearce et al 1991) was the culmination of several years of investigation (Ryan 1992) . In 1972 it was discovered that tomato and potato plants accumulate a serine proteinase inhibitor protein, called inhibitor I (Inh I), in leaves when wounded by attacking insects (Green & Ryan 1972) . Inh I protein was found to accumulate in wounded leaves but also in unwounded leaves that were many centimeters away from wound sites. The inhibitor is a member of the potato Inh I family of proteinase inhibitors and is one of several proteinase inhibitor families now known to exist in plants (Ryan 1990) . The inhibitors are defensive proteins that interfere with protein digestion of attacking pests (Ryan 1990 , Boulter 1993 ). Subsequently, a member of the serine proteinase inhibitor II family (Inh II) was found to accumulate in response to wounding along with Inh I (Ryan 1974) . The isolation of the inducing factor was facilitated by the development of a relatively simple assay using young tomato plants. Supplying a few microliters of tomato leaf juice to excised 14-day-old tomato plants through their cut stems for 30 min caused the leaves to accumulate proteinase inhibitor proteins over the next 24 to 48 h (Ryan 1974) . This assay indicated that the inducing factor was in the soluble extracts of the leaves and was reasonably stable. Over the next several years the assay was employed to purify several hundred nanograms of the factor from tomato leaves (Pearce et al 1991) . The pure substance was found to be an 18-amino acid polypeptide with the sequence AVQSKPPSKRDPPKMQTD. The polypeptide, called systemin, was active at concentrations of fmol/plant when supplied to young excised tomato plants through their cut stems, which ranks it among the most powerful plant geneactivating compounds known. Synthetic systemin was found to be as fully active as the native polypeptide.
Characterization
The polypeptide is highly charged, but has two Pro-Pro motifs that are part of a palindrome, xxQxBPPxBBxPPBxQxx, where B is either Lys or Arg (Pearce et al 1991) . An investigation of the structure-activity relationship of systemin was conducted using Ala replacements, as well as sequential deletion of amino acids from the N and C termini (Pearce et al 1993) . Substitution of each amino acid of systemin individually with Ala revealed that amino acids at most positions could be replaced with little or moderate change in activity. However, substitution of Pro13 with Ala reduced inducing activity to less than 0.2%, and the change from Thr17 to Ala17 resulted in a totally inactive systemin. This latter analogue was shown to be a powerful antagonist of systemin. Synthetic analogues of systemin with deletions of amino acids from the N terminus exhibit progressively decreased proteinase inhibitor-inducing activities, indicating that the entire 18 amino acids are necessary for full activity. Deletion of the N-terminal Ala reduced activity by 300-fold. Further deletions caused increasing loss of activity, but the tetrapeptide (Met15-Gln16-Thr17-Asp18) retained activity that was about 3 × 10 5 less than that of systemin (Pearce et al 1993) . Deletion of the C-terminal Asp18 from systemin (desAsp-systemin) totally eliminated activity and was an antagonist of systemin in bioassays, but not as effective an antagonist as the Ala17-substituted systemin (Pearce et al 1993) . The results of the substitution-deletion experiments indicate that residues near the C terminus of systemin are necessary for activity, possibly involving a phosphorylation at Thr17, and that the N-terminal region of systemin may be important for interacting with a receptor.
A structural study of the systemin polypeptide using proton NMR at both 500 and 600 Mhz in either 90% H 2 O/10% D 2 O or 99% D 2 O, buffered at near neutrality, provided no evidence for persistant common secondary or tertiary structural elements (Russell et al 1992) . This study did detect two distinct unassigned molecular conformations at the C terminus. However, NMR measurements at low pH (3.2) allowed the assignment of almost all protons of systemin (Slosarek et al 1995) , revealing a Z-like β-sheet structure, similar to many DNA-binding proteins. These structures were suggested to have relevance to the biological function of systemin at neutral pH in binding DNA or a receptor. In a study of systemin structure using circular dichroism in aqueous buffer (Toumadje & Johnson 1995) , the four Pro residues of systemin that are present internally as two pairs gave a spectrum with a shape and intensity characteristic of a poly (L-proline) II type, 3 1 structure. Whether this is important to activity is not known, but in Ala substitution experiments (Pearce et al 1993) , a substitution of Pro13 with Ala severely decreased systemin activity, suggesting that Pro13 has an important function, perhaps in its secondary or tertiary structure. On the other hand, sequential replacement of Pro6, Pro7, and Pro12 with Ala had only moderate effects on the biological activity of systemin, which indicates that the Pro-Pro motifs may not be important for function.
Transport
Movement of systemin from leaf wounds to distal locations in plants was investigated using autoradiographic and biochemical techniques. Whole-leaf autoradiographic analyses (Narvaez-Vasquez et al 1995) showed that when [ 14 C]systemin was placed on fresh wounds, it was distributed throughout the wounded leaf within 30 min, then transported to the petiole, and finally into the upper leaves within 1 to 2 h of application. 3 H]systemin to wounds on terminal leaflets, the label was found primarily in the xylem and phloem tissues of leaf veins. Within the next 90 min the label was found in the petiole and main stem, again primarily in the phloem. The data suggest that systemin moves from the wound sites to the vascular system via the apoplasm and xylem, then to the phloem, and finally is transported by the phloem to target cells throughout the plant.
An inhibitor of apoplastic phloem loading in plants, p-chloromercuribenzene sulfonic acid (PCMBS), was shown to be a powerful inhibitor of wound-and systemin-induced activation of proteinase inhibitors in tomato leaves (NarvaezVasquez et al 1994) . Supplying PCMBS to fresh wounds on leaves of young tomato plants just before, during, or just after supplying [ 
cDNA: Gene and Protein
By screening a primary cDNA library using an oligonucleotide probe corresponding to an amino acid sequence in systemin, a partial cDNA was isolated , and the gene was subsequently isolated and characterized . The cDNA and gene structures reveal that systemin is processed from the C-terminal region of a 200-amino acid precursor called prosystemin. The gene coding for prosystemin is composed of 11 exons containing five repeated regions that are a result of several gene duplicationelongation events . These five imperfect repeats are easily identified in the prosystemin protein. However, systemin is not present in the repeats but is processed from the C-terminal region of prosystemin (residues 179-196) that is not duplicated. The prosystemin protein contains a high percentage of charged amino acids, including 10% aspartic acid, 17% glutamic acid, and 15% lysine. The high percentage of lysine and glutamic acid residues, frequently alternating, is similar to the KEKE motif first identified in a 20S proteosome (Realini et al 1994a) and later in many other proteins (Realini et al 1994b) that is thought to promote protein-protein interactions. No sequences were present at the N terminus or within the prosystemin protein that could be identified as a leader or transit peptide or membrane-spanning domain, implying that synthesis of the protein takes place in the cytoplasm . There was no indication of processing sites similar to those found in most animal polypeptide hormone precursors, suggesting that the processing sites within prosystemin are probably unique to plants.
No homologues of prosystemin have been found in gene banks, but prosystemin cDNAs have now been isolated from potato, nightshade, and bell pepper (18). Pairwise comparisons of predicted amino acid sequences among them exhibit similarities from 73 to 88%. The deduced systemin polypeptides from the three species are relatively similar, with differences found primarily in the N-terminal half of the molecules. No differences were found among the seven C-terminal amino acids (residues 12-18 of systemin) that include a Pro-Pro motif. Synthetic systemins from potato, nightshade, and bell pepper were active in inducing proteinase inhibitors when assayed in young tomato plants (Constabel et al 1998) , but pepper systemin was about an order of magnitude less active than the other systemins. Tomato systemin does not activate defense genes in tobacco leaves, nor could a tomato prosystemin cDNA probe detect a signal in the total RNA from tobacco leaves (P Constabel, L Yip, D Bergey & CA Ryan, unpublished data). A partially pure polypeptide preparation from tobacco leaves has powerful proteinase inhibitor-inducing activity, but a pure polypeptide has not yet been isolated (G Pearce & CA Ryan, unpublished data) . If the tobacco polypeptide signal is related to systemin, then significant amino acid sequence differences must be present, and if this is the case, it is anticipated that even larger differences in the sequences of various prosystemins and systemins among plant genera and families will be found. The occurrence of systemins in families other than the Solanacae is not known, but systemic wound induction of proteinase inhibitors, with kinetics and other characteristics similar to tomato, has been reported in members of diverse plant families (Brown & Ryan 1984 , Rohrmeier & Lehle 1993 , Bradshaw et al 1989 , Saarikoski et al 1996 .
Low levels of prosystemin mRNA were found in unwounded tomato leaves, but levels in both wounded and distal unwounded leaves increased in response to severe wounding . The increased levels of prosystemin mRNA following wounding appear to result from a mechanism by which prosystemin protein is amplified following insect attack to release more systemin if the insect attack persists.
The central role of prosystemin in signaling the defense response was demonstrated by transforming tomato plants with a gene consisting of the CaMV promoter and a prosystemin cDNA in its antisense orientation . The transformed plants expressed high levels of the antisense prosystemin message and a severely depressed systemic wound induction of proteinase inhibitors. The resistance of the transgenic plants toward Manduca sexta larvae herbivory was compromised compared with that of wild-type plants, demonstrating that prosystemin plays a crucial role in the inducible defense response of tomatoes against an insect pest.
Localization of Prosystemin Synthesis
The tissue-specific expression of the prosystemin gene was investigated using a gene with 2.2 kb of the promoter region of the prosystemin gene fused with the open reading frame of the β-glucuronidase (GUS) gene (Jacinto et al 1997) . Tomato plants transformed with the gene exhibited low levels of GUS activity that increased in response to wounding and treatment with methyl jasmonate. Histochemical staining showed that wound-inducible GUS activity was associated with the cells of the vascular bundles of leaf main veins, petiolules, petioles, and stems. The increase in GUS activity in response to methyl jasmonate correlated with wound-inducible increases in prosystemin mRNA. The localization of prosystemin mRNA in the phloem parenchyma and paraveinal mesophyll cells surrounding the xylem was confirmed by in situ hybridization using fluorescence microscopy (G Birkenmeier, CA Ryan, unpublished data). Additionally, tissue printing (Jacinto et al 1997 , Delano-Freier 1997 , using prosystemin antibodies prepared by expressing the prosystemin protein in Escherichia coli, confirmed that the prosystemin protein was wound inducible in the vascular bundles of petiolules, petioles, and stems of wild-type plants.
Thus prosystemin appears to be synthesized within the vascular bundles where wounding would release systemin in the vicinity of the phloem for transport to other parts of the plant.
A chimeric gene comprised of the constitutive CaMV promoter and the prosystemin cDNA was constructed to produce transformed tomato plants that would overexpress the prosystemin protein (McGurl et al 1994) . The transformants were expected to respond faster and stronger to wounding as a result of the higher levels of constitutive prosystemin protein. Unexpectedly, the plants overexpressing the gene exhibited a constitutive synthesis and accumulation of proteinase inhibitors in cells throughout the plants, as if they were in a permanently wounded state in the absence of wounding. Young tomato plants exhibited levels of proteinase inhibitors equivalent to wounded plants, whereas older plants that had grown for several weeks accumulated over 1 mg proteinase inhibitors per gram leaf tissue, an extraordinarily high level of the inhibitors. It was proposed that the expression of the prosystemin transgene in tissues other than the vascular tissue may have caused a continual, abnormal processing of prosystemin and activation of the defense genes. Grafting wild-type plants onto rootstalks of the transgenic plants resulted in the wild-type scions producing proteinase Inh I and Inh II, as if they were severely wounded. Grafting wildtype scions onto wild-type rootstalks did not result in the induction of proteinase inhibitors in leaves of the scions. These experiments indicate that the wound signal, presumably systemin, is transported from the transgenic rootstalks to the upper wild-type leaves (McGurl et al 1994) , demonstrating that propagation of a wound signal does not require wounding or the generation of electrical or hydraulic signals to achieve systemic signaling.
Electrophoretic analysis of the leaf proteins of the transgenic plants expressing the prosystemin gene revealed the accumulation of not only the proteinase inhibitors but many other proteins as well (Bergey et al 1996) . Several of the proteins were isolated from SDS-PAGE gels, partially sequenced, and identified from data banks as wound-inducible proteins from potato or tomato leaves (Walker-Simmons & Ryan 1979 , Hildemann et al 1992 , Pautot et al 1993 , Bolter 1993 . Some novel proteins were also identified. Oligonucleotide probes synthesized using PCR methodology were used to screen a cDNA library prepared from RNA from the leaves of the transgenic plants. Over 15 genes have now been identified in the transgenic plants that are upregulated in the leaves of the wild-type tomato plants in response to wounding or systemin (Bergey et al 1996) .
The protein products of these wound-inducible genes are shown in Figure 1 . The genes can be classified into four categories: (a) defensive genes that are proteinase inhibitors and polyphenol oxidase, all directed toward the reduction of protein digestion in insects' guts (Ryan 1990 , Boulter 1993 ; (b) signal pathway components; (c) proteinases; and (d ) enzymes with unknown roles in plant defense. In addition to the proteins that accumulate in the transgenic plants, several proteins were identified that either had decreased or had disappeared from the SDS-PAGE gels, when compared with unwounded wild-type plants (Bergey et al 1996) . These proteins have not been isolated nor identified.
SYSTEMIN SIGNALING PATHWAY
Octadecanoid Pathway
The signaling pathway for the activation of defensive genes by systemin is mediated by lipid-derived intermediates (Farmer & Ryan 1992) . Systemin activates an intracellular cascade that results in the release of linolenic acid (LA) from membranes, with the LA subsequently converted to phytodienoic acid (PDA) and jasmonic acid (JA) (Vick & Zimmerman 1984) , both powerful inducers of defensive genes in plants (Doares et al 1995 , Weiler 1997 . Ethylene and the jasmonates are required for gene activation by the pathway (O'Donnell et al 1996) . The pathway from LA to JA, called the octadecanoid pathway (Vick & Zimmerman 1984) , also mediates the activation of defensive genes by carbohydrate signals generated from plant and fungal pathogen cell walls during pathogen attacks (Farmer & Ryan 1992 , Gundlach et al 1992 . The octadecanoid pathway appears to be a general signaling pathway for many plant processes involved in defense, stress, and development (Weiler 1997) . Other than systemin and elicitors, the primary signals that regulate the pathway are unknown. Whether the lipid-derived signal that activates gene expression is PDA, JA, or a derivative(s) has not been determined.
The role of the octadecanoid pathway in mediating systemin signaling has been confirmed in several ways. Systemin causes an increase in JA in leaves of tomato plants (Doares et al 1995b , Conconi et al 1996 , and inhibitors of the octadecanoid pathway, such as diethyldithiocarbamate (Farmer et al 1994) and salicylic acid (Pena-Cortes et al 1993, Doares et al 1995a) , inhibit systemin activation of defensive genes. The most convincing evidence has come from a mutant tomato line deficient in a component of the octadecanoid pathway (Lightner et al 1993 . This mutant, called defenseless 1 (def 1), produces only very small amounts of defensive proteins when wounded and is nearly unresponsive to systemin. When the mutant plants are subjected to attacks by tobacco hornworm larvae, the plants are literally defenseless compared with the wild-type plants; the mutants were stripped of their foliage while the leaves of wild-type plants were only partially consumed by the larvae.
Kinetic analysis of the synthesis of wound-inducible genes of tomato suggest that the genes involved in the signaling pathway are expressed much earlier than the defensive genes. Prosystemin mRNA (McGurl et al 1994) , lipoxygenase mRNA (Heitz et al 1997) , and allene oxide synthase mRNA (G Howe & CA Ryan, unpublished data), all components of the signaling pathway, exhibit similar kinetics, with levels increasing in both wounded and unwounded leaves within 0.5 h following wounding. The mRNA levels maximize at 2 to 3 h and decrease thereafter. This is in contrast to the accumulation of proteinase inhibitor mRNAs (Graham et al 1986) , which show no constitutive accumulation in tomato leaves and begin to accumulate within 3 to 4 h following wounding, peaking 5 to 8 h later. The difference in the timing of synthesis of signaling and defensive genes may be due to their localization in the leaves. Jacinto et al (1997) have shown that prosystemin synthesis is primarily associated with cells of the vascular bundle, whereas Narvaez-Vasquez et al (1993) have shown that defensive proteinase inhibitor proteins accumulate primarily in palisade and mesophyll cells. The early activation of the signal pathway genes may reflect their localization in cells near the phloem. Systemin might signal the amplification of signaling pathway enzymes in these cells very early. The subsequent transport of signals from the vascular bundles to the surrounding cells would then activate the defensive genes in palisade and mesophyll cells, which would explain their delayed synthesis. Further studies of the in situ and immunological localization of both the signaling and defensive mRNAs and proteins should resolve this matter.
Effects of ABA and Auxin
The systemin signaling pathway is influenced by plant hormones such as abscisic acid (ABA) and indole acetic acid (auxin). Plants deficient in ABA do not produce proteinase inhibitors in response to wounding, in contrast to their wildtype parent plants (Pena-Cortes et al 1989) . In a series of reports (Pena-Cortes et al 1989 Sanchez-Serrano et al 1991) ABA has been hypothesized to be an integral part of the signaling pathway, and ABA-deficient mutants were reported to be incapable of producing proteinase Inh II mRNA in response to systemin. However, recent evidence (Birkenmeier & Ryan 1998) indicates that ABA does not play a direct role in the signaling pathway but enhances the systemin-induced response that occurs in leaves of both wild-type and ABAdeficient tomato plants, with the enhancement being more pronounced in the ABA mutants.
Auxin has been reported to depress the wound response (Kernan & Thornburg 1989) , but its effect on systemin-mediated induction of defense genes has not been studied.
Membrane-Mediated Responses
The putative systemin receptor has not been identified. In binding studies of radiolabeled systemin with purified tomato leaf plasma membranes, no significant binding of systemin to the membranes could be detected (S Doares & CA Ryan, unpublished data). A derivative of systemin, in which Ser8 was replaced with a Cys and biotinylated, was used to identify systemin-binding proteins present in purified tomato plasma membranes (Schaller & Ryan 1994 , 1995 . Both the Cys8 substitution and the biotinylated derivative were nearly as active as native systemin in inducing proteinase inhibitors in excised tomato plants. When biotinylated systemin was mixed with purified tomato leaf plasma membranes and crosslinked, it selectively bound to a 50-kDa protein in the membranes. However, the binding protein resembled proteinases of the Kex2p-like prohormone convertases (Seidah et al 1994) rather than a receptor. When the biotinylated systemin was simultaneously labeled at Met15 with [ 35 S]methionine, the biotin, but not the radioactivity, was bound to the membrane protein (Schaller & Ryan 1994) , indicating that at least four, and as many as eight C-terminal residues could have been cleaved from systemin during the interaction with the protein.
Within the systemin amino acid sequence is a dibasic cleavage site similar to that of a furin-like enzyme (Seidah et al 1994) , and an antibody against a Kex2p-like protease from Drosophila inhibited binding of the biotinylated systemin to the membrane protein. The authors (Schaller & Ryan 1994) suggest that a systeminbinding protein may be a proteinase involved in a cleavage of systemin as a maturation step, facilitating systemin activity or its degradation. This hypothesis was supported with experiments in which the Lys14-Met15 peptide bond in systemin was shown to be stabilized by replacing Lys14 with Ala14, with subsequent Nmethylation of the Ala14 (Schaller 1998) . This analogue exhibited an increase in its biological activity when compared with that of systemin. Systemin is inactivated by Lycopersicon peruvianum suspension cultures (Schaller 1998 , Felix & Boller 1995 , but N-methylated Ala14-systemin exhibited prolonged stability when added to the cultures (Schaller 1998) . Isolation of peptides generated by the interaction with the cultured cells indicates that an initial cleavage of the polypeptide occurs at the peptide bond C-terminal to Lys14. The cleavage apparently is involved in the in vivo inactivation of systemin.
The addition of systemin to L. peruvianum cell cultures caused an alkalinization of the medium accompanied by an increased efflux of K + , an induction of 1-aminocyclopropane-1-carboxylate synthase (ACC) and phenylalanine ammonia lyase (PAL) activities. These responses are often observed in cell cultures of many species of plants when challenged with pathogens or elicitors. Ala17-systemin, the powerful antagonist of systemin, was a weak inducer of ACC synthase when added to the cultured cells, but antagonized the induction of the enzyme by systemin. Ala17-systemin did not antagonize the inducing activities of other elicitors, indicating that its antagonism is specific for systemin. ACC is a key enzyme in the biosynthesis of ethylene, which was also shown to increase in response to systemin. This response agrees with recent data showing that JA activated ethylene biosynthesis which, together with JA, activated proteinase inhibitor genes in tomato leaves (Weiler 1997) . PAL mRNA and protein had previously been shown to be synthesized in response to JA in cell cultures of Glycine max (O'Donnell et al 1996) , but the possible role of ethylene in these studies was not examined.
Systemin-induced changes in membrane potentials of leaf cells of Lycopersicon esculentum var. Moneymaker were examined using a standard electrophysiological cell impalement technique (Moyen & Johannes 1996) . The plasma membrane of tomato mesophyll cells was shown to be transiently depolarized by systemin with a lag period of 30 s to 4 min, whereas the pH of the medium increased. This was followed by a sustained alkalinization of the medium over a period of up to 18 h. Fusicoccin, which causes a hyperpolarization of membranes and is an antagonist of proteinase inhibitor synthesis in tomato plants, attenuated the depolarization and transient H + efflux, supporting the suggestion that ion transport is involved with the initial stages of systemin-induced defense gene activation.
Systemin and the Oxidative Burst
Tomato (L. esculentum) cell cultures do not exhibit an oxidative burst when exposed to either systemin or Ala17-systemin, but they potentiate the burst caused by oligogalacturonides (MJ Stennis, S Chandra, CA Ryan, PS Low, in review) . The oxidative burst is a rapid response of plant cells when exposed to pathogens or elicitors of defense responses, depending upon the compatibility of the host-plant pathogen interaction (Low & Marida 1996 , Doke et al 1996 . Oligogalacturonides are among the elicitors that cause the oxidative burst (Legendre et al 1993 , Moyen & Johannes 1996 . Neither systemin nor Ala17-systemin modified the oligogalacturonide-induced oxidative burst of tomato cells when added to the culture medium within a few minutes of each other. However, pre-exposure of the cells to systemin for 6 to 12 h led to a progressive enhancement of the oligogalacturonide-induced oxidative burst. The burst, occurring 12 h after adding systemin to the cells, was more than 16-fold higher than the burst caused by the oligogalacturonides alone. Preincubation of cells with Ala17-systemin did not enhance the oxidative burst caused by oligogalacturonides. The enhancement caused by systemin, which was shown to involve protein synthesis, was suggested to be a part of the defense response of plants that enhances the plants ability to potentiate defense against pathogens in addition to defending against herbivores.
Analogies to the Inflammatory Response of Animals
The signaling pathway mediated by systemin has been likened to the inflammatory response of macrophages and mast cells of animals in response to pathogens and parasites (Stevens 1995 , Bergey et al 1996 . In the inflammatory response, a polypeptide cytokine, TNF-α, activates the release of arachidonic acid (AA) (20 carbons and 4 double bonds) from animal cells, leading to prostaglandin synthesis, fever, and the inflammatory response (Lin et al 1993 , Malaviya et al 1996 . In tomato leaves, phytodienoic acid and JA, which are derived from LA (18 carbons and 3 double bonds) in response to herbivore attacks, are analogues of animal prostaglandins (Samuelsson et al 1978) . Ca 2+ , MAP kinases, and phospholipase A 2 are important in the release of arachidonic acid from animal cell membranes (Samuelsson et al 1978) , and the phosphorylation of phospholipase A 2 by the kinase has been proposed to lead to its activation. MAP kinases have recently been shown to be activated in plants by wounding (Usami et al 1991 , Seo et al 1995 , Adam et al 1997 , Stratmann & Ryan 1997 . A MAP kinase activated by systemin (Stratmann & Ryan 1997 ) was shown to function between the perception of the primary signal and the DEF 1 gene product of the def 1 mutant plants mentioned above (Schaller & Ryan 1994 ). An involvement of Ca 2+ and calmodulin in the response of tomato plants to wounding and systemin has been demonstrated (DR Bergey, CA Ryan, unpublished data), as well as changes in free C18 fatty acids and lipid composition (Conconi et al 1996 , Lee et al 1997 J Narvaez-Vasquez, CA Ryan, unpublished data) . The data suggest that a rapidly propagating systemic signal, such as an electric or hydraulic signal, may initiate or prime the signaling process, followed by the slower but sustained migrating signal, systemin.
This signaling pathway in plants also exhibits some general similarities to the wound-mediated acute-phase response (APR) of animals (Haumann & Gauldie 1994 , Steel & Whitehead 1994 (Figure 2 ). In animals, immediately following a severe physical trauma (wounding, surgery, UV) or a bacterial, viral, or parasitic infection, a program is initiated that leads to a wide range of complex physiological changes. Fever, various changes in vascular permeability, and biosynthetic and anabolic profiles are noted in many organs. The response is orchestrated by several inflammatory mediators of which TNF-α is a key player. Over 25 genes are known to be activated during the APR, which lasts only a few days (Steel & Whitehead 1994) . In both wounded plants and animals, the down-regulation of several proteins has been observed (Steel & Whitehead 1994 , Bergey et al 1996 . The overall strategies of the APR and the plant wound responses are to activate several classes of genes, including proteinases and proteinase inhibitors, for defense and wound healing.
The plant response so far appears to be primarily for defense against intruders, and wound-healing genes have not been identified. However, the plant defense system has been studied for only a short time compared with the APR, and the full extent of its response is likely to be much more complex. The relationship between systemin and wounding to signaling pathways for defense against pathogens is not known, although crosstalk between the induced defense response, mediated by systemin, and the pathogen-induced response, mediated by salicylic acid, has been suggested (Doares et al 1995a) .
FUTURE PROSPECTS
Although considerable knowledge about systemin and prosystemin has been obtained, much research remains to be done. The details of how prosystemin is synthesized, compartmentalized, processed, and transported are not known. The systemin receptor remains elusive, and how the intracellular signal transduction mechanism involves the MAP kinase, Ca 2+ /calmodulin, and the activation of the phospholipase remain obscure, despite apparent similarities to the animal inflammatory response.
The extent of the occurrence of prosystemin throughout the plant kingdom must be determined, and how it fits into complex defense responses that have evolved in different ecological niches. It is anticipated that such studies will be fundamentally important in the future for the application of this knowledge to biotechnology and agriculture.
Recently, other polypeptide signals of plant origins have been reported that regulate cell division. One polypeptide, identified as the gene product of the ENOD 40 gene, is an early nodulation gene expressed in soybean plants associated with the initial steps of nitrogen fixation (van de Sande et al 1996) . ENOD 40 codes for a small 12-amino acid polypeptide that is synthesized in root cells in response to bacterial lipochitooligosaccharides. The polypeptide appears to be involved in the early steps that condition the cell for cell division and nodulation.
Two small sulfated polypeptides of four and five amino acids, respectively, have recently been shown to be components of conditioned media that is necessary for prolific growth of cultured asparagus cells (Matsubayashi & Sakagami 1996) and rice cells (Matsubayashi & Sakagami 1997) . The sulfated polypeptides may have a role in cell division in plants as well. Additionally, indirect evidence supporting possible roles of polypeptides as important signals in plant processes comes from the recent identification of genes that encode putative polypeptide receptors (Braun & Walker 1996 , Beacraft et al 1996 , Torii et al 1996 containing leucine-rich repeats (LRRs) that resemble animal polypeptide receptors. Thus it appears that polypeptide hormones and/or factors are playing major roles in plant responses, and that more of these regulatory polypeptides will surely be revealed as we delve deeper into the processes of growth, development, and stress in plants.
